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Abstract
We have analytically investigated the effects of non-linearity on the free energy and
thermodynamic geometry of holographic superconductors in 2+1−dimensions. The
non-linear effect is introduced by considering the coupling of the massive charged
scalar field with Born-Infeld electrodynamics. We then calculate the relation be-
tween critical temperature and charge density from two different methods, namely,
the matching method and the divergence of the scalar curvature which is obtained by
investigating the thermodynamic geometry of the model. Both the results indicate
a decrease in the critical temperature with increase in the Born-Infeld parameter b.
1 Introduction
It is very difficult to study strongly coupled systems using conventional quantum field
theory because perturbation technique does not work here. The claim of the AdS/CFT
correspondence [1]-[4] is that 4-dimensional strongly coupled gauge theory is related with
5-dimension weakly coupled gravity theory. The theory of strongly coupled systems has
been developing recently in modern theoretical physics using this correspondence. The
reason for this fascinating development is as follows. This correspondence allows us to
map the strongly coupled system to a weakly coupled system. Weakly coupled system
can be tackled by perturbation theory and then using this correspondence, one can get
a picture of some of the properties of the strongly coupled system which is the topic of
interest in our hand.
There has been an upsurge to exploit this duality to explain some of the properties of
high Tc superconductors which are wonderful examples of strongly coupled systems. The
∗debanuphy123@gmail.com, debabrataghorai@bose.res.in
†sunandan.gangopadhyay@gmail.com, sunandan@iiserkol.ac.in, sunandan@associates.iucaa.in
1
ar
X
iv
:1
70
2.
07
10
5v
2 
 [h
ep
-th
]  
10
 Ju
l 2
01
7
breakthrough came when it was shown in [5] that a scalar hair can form below a certain
critical temperature for a charged AdS black hole coupled minimally to a complex scalar
field. The holographic superconductor phase transition [6]-[8] then involves the scalar
operator dual to the scalar field in the bulk acquiring a non-zero vacuum expectation
value in the boundary field theory. A large body of research has also been carried out
in the field of holographic fermi liquids [9],[10], holographic insulator/superconductor
phase transition [11], transport properties of holographic superconductors [12]-[24]. The
machinery which plays a crucial role in achieving this is the AdS/CFT correspondence.
Recently a new direction of research has emerged. It has been realized that the
properties of holographic superconductors can be derived from the holographic free energy
of such a system [25]. In this development a geometrical structure [26]-[28] is associated
with a thermodynamic system in equilibrium. This geometrical structure is obtained from
the holographic free energy of the holographic superconductors and can be exploited to
obtain the properties of such systems [29].
In this paper, we exploit the formalism of thermodynamic geometry once again to
investigate the properties of 2 + 1-dimensional holographic superconductors. However,
this time our intention is to study the effects of non-linearity in such systems using
this formalism. The non-linearity is introduced by coupling the charged scalar field to
Born-Infeld (BI) electrodynamics. There has been a lot of work in which holographic
superconductors has been investigated in the presence of BI electrodynamics [17]-[21],
[23], [24]. It would therefore be interesting to assess these results with the results obtained
from the analysis in this work.
To proceed we first obtain the behaviour of the matter fields near the horizon of the
black hole using the matching method [15],[16],[20],[30],[31]. The critical temperature
and the condensation operator are then computed from the above result. The study is
carried out for the boundary condition ψ+ 6= 0, ψ− = 0 for the condensation operator.
We then calculate the free energy of this 2 + 1-dimensional holographic superconductor
in the presence of BI electrodynamics. Therefore, the thermodynamic metric computed
from this free energy also capture the effects of non-linearity. This is then exploited to
calculated the critical temperature from the divergence of the scalar curvature. We finally
compare our findings with those obtained from the matching method.
This paper is organized as follows. In section 2, the basic formalism for the holo-
graphic superconductors coupled to BI electrodynamics is presented. Section 3 involves
the calculation of critical temperature and the condensation operator using the matching
method approach. The free energy in terms of the charge density and Born-Infeld param-
eter is calculated in section 4. In section 5, we calculate the thermodynamic metric and
the scalar curvature upto first order in b. Section 6 contains the concluding remarks.
2 Basic formalism
The plane-symmetric black hole metric can be assumed to take the form
ds2 = −f(r)dt2 + 1
f(r)
dr2 + r2(dx2 + dy2) (1)
2
where f(r) = r2
(
1− r3+
r3
)
and r+ is the horizon radius.
The Hawking temperature of this black hole reads
Th =
f ′(r+)
4pi
=
3
4pi
r+ . (2)
This temperature is interpreted as the temperature of the conformal field theory on the
boundary.
In 3 + 1-dimensions, the action for the model of a holographic superconductor consists a
complex scalar field coupled to a U(1) gauge field in anti-de Sitter spacetime
S =
∫
d4x
√−g
[
1
2κ2
(R− 2Λ)− 1
4
F µνFµν − (Dµψ)∗Dµψ −m2ψ∗ψ
]
(3)
where Λ = − 3
L2
is the cosmological constant, κ2 = 8piG, G being the Newton’s univer-
sal gravitational constant, Aµ and ψ represent the gauge field and scalar fields. Fµν =
∂µAν − ∂νAµ; (µ, ν = t, r, x, y) is the field strength tensor, Dµψ = ∂µψ − iqAµψ is the
covariant derivative.
In this paper, we shall consider Born-Infeld electrodynamics instead of Maxwell electro-
dynamics for which the actions reads
S =
∫
d4x
√−g
 1
2κ2
(R− 2Λ) + 1
b
1−
√
1 +
b
2
F µνFµν
− (Dµψ)∗Dµψ −m2ψ∗ψ
 (4)
where b is Born-Infeld parameter.
Making the ansatz for the gauge field and the scalar field as [6]
Aµ = (φ(r), 0, 0, 0) , ψ = ψ(r) (5)
leads to the following equations of motion for the matter fields [18], [23]
φ′′(r) +
2
r
φ′(r)− 2
r
bφ′3(r)− 2q
2ψ2(r)φ(r)
f(r)
{
1− bφ′2(r)
}3/2
= 0 (6)
ψ′′(r) +
(
2
r
+
f ′(r)
f(r)
)
ψ′(r) +
(
q2φ2(r)
f(r)2
− m
2
f(r)
)
ψ(r) = 0 (7)
where prime denotes derivative with respect to r. We shall also set q = 1 since we shall
carry out our analysis in the probe limit [13]. Note that the rescaling of the bulk fields
φ, ψ and the Born-Infeld coupling parameter b as φ → φ
q
, ψ → ψ
q
, b → q2b puts a
factor of 1
q2
in front of the matter part of the action (4). The probe limit corresponds to
κ2
q2
→ 0 [13], [32]. For the matter fields to be regular, one requires φ(r+) = 0 and ψ(r+)
to be finite at the horizon.
The matter fields near the boundary of the bulk obey [16]
φb(r) = µ− ρ
r
(8)
ψb(r) =
ψ−
r∆−
+
ψ+
r∆+
(9)
3
where ∆± = 3±
√
9+4m2L2
2
. The interpretation of the parameters µ and ρ comes from the
gauge/gravity dictionary and are interpreted as the chemical potential and charge density
of the conformal field theory on the boundary.
At this point we make a change of coordinates z = 1
r
. Under this transformation, the
metric and the Hawking temperature take the form
f(z) =
1
z2
(
1− z
3
z3h
)
=
1
z2
F (z) (10)
Th =
3
4pizh
(11)
where F (z) = (1− z3
z3
h
) and zh =
1
r+
.
The field eq.(s) (6),(7) now read
φ′′(z) + 2bz3φ′3(z)− 2ψ
2(z)φ(z)
z2F (z)
{
1− bz4φ′2(z)
}3/2
= 0 (12)
ψ′′(z) +
(
F ′(z)
F (z)
− 2
z
)
ψ′(z) +
(
φ2(z)
F 2(z)
− m
2
z2F (z)
)
ψ(z) = 0 . (13)
In the next section we shall obtain the critical temperature below which the scalar field
condensation takes place employing the matching method in the interval (0, zh). The
boundary condition φ(r+) = 0 in z-coordinate translates to φ(z = zh) = 0. The asymp-
totic behaviour of the fields read
φb(z) = µ− ρz (14)
ψb(z) = ψ−z∆− + ψ+z∆+ . (15)
3 Critical temperature from the matching method
The Taylor series expansions of the fields near the horizon read
φh(z) = φ(zh) + φ
′(zh)(z − zh) + φ
′′(zh)
2
(z − zh)2 + .......... (16)
ψh(z) = ψ(zh) + ψ
′(zh)(z − zh) + ψ
′′(zh)
2
(z − zh)2 + ......... (17)
We shall now determine the undetermined coefficients using the boundary condition
φ(zh) = 0 along with f(zh) = 0 and eq.(s)(12),(13). This yields upto first order in
the Born-Infeld parameter
φ′′(zh) = −
[
2bz3hφ
′3(zh) +
2φ′(zh)ψ2(zh)
3zh
(
1− 3
2
bz4hφ
′2(zh)
)]
(18)
ψ′(zh) = −m
2
3zh
ψ(zh) ; ψ
′′(zh) =
ψ(zh)
18z2h
[
m4 + 6m2 − z4φ′2(zh)
]
. (19)
This is consistent with the Breitenlohner-Freedman bound [33],[34]. Hence the near hori-
zon expansions of these fields upto O((z − zh)2) read
φh(z) = φ
′(zh)
[
(z − zh)− ψ
2(zh)
3zh
(z − zh)2
]
+ bφ′3(zh)z3h(z − zh)2
[
ψ2(zh)
2
− 1
]
(20)
ψh(z) = ψ(zh)
[
1− m
2
3zh
(z − zh) + m
4 + 6m2 − z4hφ′2(zh)
36z2h
(z − zh)2
]
. (21)
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We now proceed to match the near horizon expression of the fields with the asymptotic
solution of these field at any arbitrary point between the horizon and the boundary, say
z = zh
2
. We would like to make a comment at this point. In the investigation carried
out in [31], we matched the near horizon and the asymptotic solutions at any arbitrary
point between the horizon and the boundary, that is at z = zh
λ
with λ lying between
[1,∞]. We observed that the agreement between the matching method values and the
numerical values was very good for λ = 3. However, there is no way to determine a
priori a proper matching point. One can in principle choose other matching points also.
Thus, the matching method is technically ambiguous compared to the Sturm-Liouville
eigenvalue method. In this paper, we choose λ = 2 for simplicity.
The matching conditions are
φh
(
zh
2
)
= φb
(
zh
2
)
; φ′h
(
zh
2
)
= φ′b
(
zh
2
)
(22)
ψh
(
zh
2
)
= ψb
(
zh
2
)
; ψ′h
(
zh
2
)
= ψ′b
(
zh
2
)
. (23)
From eq.(22), we obtain the following relations
ψ2(zh) = − 4
[1− 3b
2
z4hφ
′2(zh)]
(
µ
zhφ′(zh)
+ 1 +
3b
4
z4hφ
′2(zh)
)
(24)
ρ = −φ′(zh)
[
1 +
ψ2(zh)
3
]
+ bφ′3(zh)z4h
[
ψ2(zh)
2
− 1
]
. (25)
From eq.(23), we get
ψ−/+ =
m2 + 12
6 + 3∆
.
2∆−1
z∆h
.ψ(zh) (26)
φ′2(zh) =
1
z4h
[
144∆ + 6m2(6 + 5∆) +m4(2 + ∆)
2 + ∆
]
⇒ φ′(zh) = −χ(m,∆)
z2h
(27)
where
χ(m,∆) =
√
144∆ + 6m2(6 + 5∆) +m4(2 + ∆)
2 + ∆
. (28)
We shall set m2 = −2 in the rest of our analysis. In eq.(26), ψ− is for ∆ = ∆− = 1 and
ψ+ is for ∆ = ∆+ = 2.
We now substitute φ′(zh) from eq.(27) in eq.(s)(24),(25) to obtain upto first order in b
ψ(zh) = 2
√√√√(1 + 3b
2
χ2
)
µzh
χ
−
(
1 +
9b
4
χ2
)
(29)
=
√
3
√√√√(1 + 3b
2
χ2
)
ρz2h
χ
−
(
1 +
5b
2
χ2
)
(30)
µ =
χ
zh
[
3ρz2h
4χ
+
1
4
]
. (31)
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The condensation operator and the critical temperature in terms of the chemical potential
and the charge density can now be obtained using eq.(s)(24)-(27) and T = 3
4pizh
:
〈O〉 = γ(µ)T∆c
(
1− T
Tc
)1/2
; Tc = ξ(µ)µ (32)
〈O〉 = γ(ρ)T∆c
(
1− T
Tc
)1/2
; Tc = ξ(ρ)
√
ρ (33)
where
γ(µ) =
(m2 + 12)2∆
√
1 + 9b
4
χ2
(6 + 3∆)
(
4pi
3
)∆
; ξ(ρ) =
1 + 3b
2
χ2
1 + 9b
4
χ2
3
4piχ
(34)
γ(ρ) =
(m2 + 12)2∆−1
√
6(1 + 5b
2
χ2)
(6 + 3∆)
(
4pi
3
)∆
; ξ(ρ) =
√√√√1 + 3b2 χ2
1 + 5b
2
χ2
3
4pi
√
χ
. (35)
We now consider ψ+ = 〈O〉, ψ− = 0 which implies that the condensate ψ+ forms in
the absence of the source term ψ−. Hence the condensation operator and the critical
temperature in terms of the chemical potential and the charge density read
〈O+〉µ = 160pi
2
√
1 + 63b
27
T 2c
(
1− T
Tc
)1/2
; Tc = 0.0451
(
1 + 42b
1 + 63b
)
µ (36)
〈O+〉ρ =
80pi2
√
6(1 + 70b)
27
T 2c
(
1− T
Tc
)1/2
; Tc = 0.104
√
1 + 42b
1 + 70b
√
ρ . (37)
In Table 2, we have presented the analytical values of the coefficients of the µ (in the
Tc − µ relation) for different values of b obtained from the matching method.
4 Free energy of the non-linear holographic super-
conductor
In this section we shall calculate the free energy at a finite temperature of the field theory
living on the boundary of the 3 + 1- bulk theory. Here we essentially follow the technique
in [31] .
The first step is to consider the action for the action for the Abelian-Higgs sector
SM =
∫
d4x
√−g
1
b
1−
√
1 +
b
2
F µνFµν
− (Dµψ)∗Dµψ −m2ψ∗ψ
 . (38)
Setting m2 = −2 and expanding the above action keeping terms upto linear order in b
yields
SM =
∫
d4x
[
φ′2(z)
2
− F (z)ψ
′2(z)
z2
+
φ2(z)ψ2(z)
z2F (z)
+
2ψ2(z)
z4
+ b
z4φ′4(z)
8
+O(b2)
]
. (39)
6
Applying the boundary condition (φ(zh) = 0) and the equations of motion (12),(13) the
on-shell value of the action SE reads
So =
∫
d3x
[
−1
2
φ(z)φ′(z) |z=0 + F (z)ψ(z)ψ
′(z)
z2
|z=0
−
∫ zh
0
dz
(
φ2(z)ψ2(z)
z2F (z)
− 3b
4
z2ψ2(z)φ2(z)φ′2(z)
F (z)
− b
2
z3φ(z)φ′3(z)
)]
. (40)
The asymptotic behaviour of φ(z) and ψ(z) is now substituted in the above expression.
This gives
So =
∫
d3x
[
µρ
2
+ 3ψ+ψ− +
(
ψ2−
z
)
|z=0
−
∫ zh
0
dz
(
φ2(z)ψ2(z)
z2(1− z3/z3h)
− 3b
4
z2ψ2(z)φ2(z)φ′2(z)
1− z3/z3h
− b
2
z3φ(z)φ′3(z)
)]
.(41)
From the above form of the on-shell action, we observe that the term
(
ψ2−
z
)
|z=0 diverges.
We study the holographic free energy for the boundary condition ψ+ = 〈O〉, ψ− = 0. To
cancel this divergence we add a counter term at the boundary. The counter action which
gives the counter term required to cancel this divergence reads
Sc = −
∫
d3x
(√−hψ2(z)) |z=0 (42)
where h is the determinant of the induced metric on the AdS boundary. We now evaluate
this using the asymptotic behaviour of ψ(z) to obtain
Sc = −
∫
d3x
[
2ψ+ψ− +
(
ψ2−
z
)
|z=0
]
. (43)
Adding So and Sc leads to The free energy of the 2 + 1-boundary field theory.
Ω = −T (So + Sc) = βTV2
[
−µρ
2
− ψ+ψ− + I
]
(44)
where
∫
d3x = βV2, V2 being the volume of the 2−dimensional space of the boundary and
the integral I reads upto first order in the BI parameter b
I =
∫ zh
0
dz
φ2(z)ψ2(z)
z2(1− z3/z3h)
− 3b
4
∫ zh
0
dz
z2ψ2(z)φ2(z)φ′2(z)
1− z3/z3h
− b
∫ zh
0
dzz3φ′3(z)
[
φ(z) +
zφ′(z)
8
]
=
∫ zh/2
0
dz
φ2b(z)ψ
2
b (z)
z2(1− z3/z3h)
+
∫ zh
zh/2
dz
φ2h(z)ψ
2
h(z)
z2(1− z3/z3h)
− 3b
4
∫ zh/2
0
dz
z2ψ2b (z)φ
2
b(z)φ
′2
b (z)
1− z3/z3h
− 3b
4
∫ zh
zh/2
dz
z2ψ2h(z)φ
2
h(z)φ
′2
h (z)
1− z3/z3h
− b
2
∫ zh/2
0
dzz3φb(z)φ
′3
b (z)−
b
2
∫ zh
zh/2
dzz3φh(z)φ
′3
h (z). (45)
Following the technique in [31] to evaluate the above integral and substituting the value
of ρ in terms of µ from eq.(31) and using zh =
3
4piT
, we obtain the expression for the free
7
energy in terms of the chemical potential
Ω
V2
= −µρ
2
+ I
= E1T
3 + E2T
2µ+ E3Tµ
2 + E4µ
3 + b
[
E5T
3 + E6T
2µ+ E7Tµ
2 + E8µ
3 + E9
µ4
T
+ E10
µ5
T 2
]
(46)
where Ei (i = 1, 2, ..., 10) are constants.
Substituting the value of µ in terms of ρ from eq.(31), we obtain the expression for the
free energy in terms of the charge density
Ω
V2
= F1T
3 + F2ρT + F3
ρ2
T
+ F4
ρ3
T 3
+ b
[
F5T
3 + F6ρT + F7
ρ2
T
+ F8
ρ3
T 3
+ F9
ρ4
T 5
+ F10
ρ5
T 7
]
(47)
where Fi (i = 1, 2, ..., 10) are constants.
In Table 1, we have shown the values of these constants for the boundary condition
ψ+ = 〈O〉, ψ− = 0.
Table 1: The values of Ei, Fi, (i = 1, 2, ..., 10) for ∆ = ∆+ = 2.
E1 E2 E3 E4 E5 E6 E7 E8 E9 E10
-167.89 8.407 -2.882 0.0338 -10154.2 -587.24 -18.989 1.434 -0.0030 0.000089
F1 F2 F3 F4 F5 F6 F7 F8 F9 F10
-204.04 -3.655 -0.0744 0.00019 -13745 -118.89 0.1683 0.0085 5.4× 10−6 -1.6× 10−8
5 Thermodynamic geometry
In this section we move on to investigate the thermodynamic geometry of the holographic
superconductor. The thermodynamic metric is defined as [26]1
gij = − 1
T
∂2ω(T, µ)
∂xi∂xj
(48)
where ω = Ω
V2
, x1 = T and x2 = µ . Hence the components of the metric in terms of µ
upto first order in b read
gTT = −
[
6E1 + 2E2
µ
T
+ b
(
6E5 + 2E6
µ
T
+ 2E9
µ4
T 4
+ 6E10
µ5
T 5
)]
gTµ = gµT = −
[
2E2 + 2F3
µ
T
+ b
(
2E6 + 2E7
µ
T
− 4E9 µ
3
T 3
− 10E10 µ
4
T 4
)]
gµµ = −
[
2E3 + 6E4
µ
T
+ b
(
2E7 + 6E8
µ
T
+ 12E9
µ2
T 2
+ 20E10
µ3
T 3
)]
. (49)
1Note that the on-shell action (40) in our analysis with proper counter term added to it is identified
(upto a volume factor) with the free energy ω(T, µ) in the grand canonical ensemble. Hence, ω(T, ρ) should
be understood as ω(T, ρ(µ)) with xi = (T, µ). However, the formula gij = − 1T ∂
2ω(T,ρ)
∂xi∂xj with x
i = (T, ρ)
can also be used to compute the thermodynamic geometry and holds in the canonical ensemble. Both
the formulas for the thermodynamic metric are equivalent to each other and are related by Legendre
transformation.
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The scalar curvature of a general metric
ds2th = g11(dx
1)2 + 2g12dx
1dx2 + g22(dx
2)2 (50)
is given by [27]
R =
−1√
g
[
∂
∂x1
(
g12
g11
√
g
∂g11
∂x2
− 1√
g
∂g22
∂x1
)
+
∂
∂x2
(
2√
g
∂g22
∂x2
− 1√
g
∂g11
∂x2
− g12
g11
√
g
∂g11
∂x1
)]
.(51)
A singularity in R can be found by checking whether the denominator of the right hand
side of eq.(51) vanishes. The condition of the divergence of R is detgij = 0 which reads
gTTgµµ − g2Tµ = 0 . (52)
The temperature for which the scalar curvature diverges can be obtained by solving this
equations keeping terms upto first order in b. This temperature is said to the critical
temperature in the formalism of thermodynamic geometry. We obtain this critical tem-
perature for the case ψ+ 6= 0 , ψ− = 0 for different values of b and compare them with
the results which have been obtained from the matching method.
Table 2 gives the results for ∆ = ∆+ = 2 obtained from the matching method and the
thermodynamic geometry for a set of values of the Born-Infeld parameter b.
Table 2: The critical temperature Tc = ξ(µ)µ for ∆ = ∆+ = 2.
b ξ(µ) from Matching Method ξ(µ) from divergence of R
0.0 0.0451 0.0838
0.01 0.0393 0.0823
0.02 0.0367 0.0815
0.03 0.0329 0.0811
6 Conclusions
We now list our results obtained in this study. We obtain the value of the critical temper-
ature and the condensation operator of a holographic superconductor coupled to Born-
Infeld electrodynamics living in a 2+1-dimensions using the formalism of thermodynamic
geometry and matching method. The results from the matching method show that the
critical temperature decreases with increase in the Born-Infeld parameter. We observe
that the thermodynamic geometry gets affected due to the Born-Infeld parameter which
in turn makes the critical temperature to depend on this parameter. The computation of
the free energy of the holographic superconductor is carried out in the BI framework and
is observed to capture the effects of non-linearity. This then leads to the thermodynamic
geometry. Here also we observe that there is a decrease in the critical temperature when
the BI parameter b increased. This tells that the condensation gets harder to form with
increase in non-linearity.
9
Acknowledgments
DG would like to thank DST-INSPIRE, Govt. of India for financial support. DG would
also like to thank Ankan Pandey of S.N.Bose Centre for helping in Mathematica. SG ac-
knowledges the support by DST SERB under Start Up Research Grant (Young Scientist),
File No.YSS/2014/000180. The authors thank the referee for useful comments.
References
[1] J. M. Maldacena, Adv. Theor. Math. Phys. 2, 231 (1998).
[2] E. Witten, Adv. Theor. Math. Phys. 2, 253 (1998).
[3] S.S. Gubser, I.R. Klebanov, A.M. Polyakov, Phys. Lett. B 428, 105 (1998).
[4] O. Aharony, S.S. Gubser, J.M. Maldacena, H. Ooguri, Y. Oz, Phys. Rept. 323, 183
(2000).
[5] S.S. Gubser, Phys. Rev. D 78 (2008) 065034.
[6] S.A. Hartnoll, C.P. Herzog, G.T. Horowitz, Phys. Rev. Lett. 101, 031601 (2008).
[7] S. A. Hartnoll, C. P. Herzog, G. T. Horowitz, JHEP 12, 015 (2008).
[8] S.A. Hartnoll, Class. Quantum Grav. 26, 224002 (2009).
[9] S.S. Lee, Phys. Rev. D 79 (2009) 086006.
[10] H. Liu, J. McGreevy, D. Vegh, Phys. Rev. D 83 (2011) 065029.
[11] T. Nishioka, S. Ryu, T. Takayanagi, JHEP 1003, 131 (2010).
[12] G. T. Horowitz, M. M. Roberts, Phys. Rev. D 78 (2008) 126008.
[13] Y. Brihaye, B. Hartmann, Phys. Rev. D 81 (2010) 126008.
[14] C.P. Herzog, J. Phys. A 42 (2009) 343001.
[15] G. Siopsis, J. Therrien, JHEP 05 (2010) 013.
[16] R. Gregory, S. Kanno, J. Soda, JHEP 0910 (2009) 010.
[17] J. Jing, S. Chen, Phys. Lett. B 686 (2010) 68.
[18] S. Gangopadhyay, D. Roychowdhury, JHEP 05 (2012) 002.
[19] S. Gangopadhyay, D. Roychowdhury, JHEP 05 (2012) 156.
[20] S. Gangopadhyay , D. Roychowdhury, JHEP 1205 (2012) 104.
10
[21] R. Banerjee, S. Gangopadhyay, D. Roychowdhury, A. Lala, Phys. Rev. D 87 (2013)
104001.
[22] S. Gangopadhyay, Phys. Lett. B 724 (2013) 176.
[23] D. Ghorai, S. Gangopadhyay, Phys. Lett. B 758 (2016) 106.
[24] D. Ghorai, S. Gangopadhyay, Eur. Phys. J. C 76 (2016) 146.
[25] C. P. Herzog, Phys. Rev. D 81 (2010) 126009.
[26] F. Weinhold, J. Chem. Phys. 63 (6) (1975).
[27] F. Weinhold, J. Chem. Phys. 63 (6) (1975) 2484-2487.
[28] George Ruppeiner, Rev. Mod. Phys. 67 (1995) 605.
[29] S. Basak, P. Chaturvedi, P. Nandi, G. Sengupta, Phys. Lett. B 753 (2016) 493.
[30] S. Gangopadhyay, Mod. Phys. Lett. A 29 (2014) 1450088.
[31] D. Ghorai, S. Gangopadhyay, Eur.Phys.J. C 76 (2016) 702.
[32] A. Sheykhi, F. Shaker, Phys. Lett. B 754 (2016) 281.
[33] P. Breitenlohner, D. Z. Freedman, Phys. Lett. B 115 (1982) 197.
[34] P. Breitenlohner, D. Z. Freedman, Ann. Phys. 144 (1982) 249.
11
